ABSTRACT Understanding serum dynamic patterns of P, Ca, and P-Ca metabolism related hormones would help us in developing feeding strategies that can be used to reduce dietary inorganic P input and decrease P excretion in laying hens. In the current study, Hy-Line Brown laying hens (35-wk-old, n = 15) were fed with a corn-soybean meal-based commercial laying hen diet containing 0.24% non-phytate P, 3.59% Ca, 2,040 IU/kg vitamin D 3 , 2,500 FTU/kg phytase, 2,636 kcal/kg ME, and 15.9% crude protein. Blood samples from each laying hen were collected immediately after the first oviposition; 3, 6, 9, 12, 15, 18, and 21 h after the first oviposition; and immediately after the second oviposition. As a result, after the first oviposition, serum P and Ca levels of the laying hens were gradually increased, peaked in 6 h, and then gradually decreased all the way down until the second oviposition. Similarly, serum fibroblast growth factor 23 (FGF-23) level was gradually increased after the first oviposition, but peaked in 9 h, and then gradually decreased all the way down until the second oviposition. Serum 1,25-dihydroxy-cholecalciferol [1,25(OD) 2 D 3 ] level was linearly and quadratically decreased during the egg laying cycle we observed. The serum levels of parathyroid hormone, calcitonin, and alkaline phosphatase were erratically fluctuated during the egg laying cycle in patterns that are very different from that of serum P, Ca, FGF-23, and 1,25(OD) 2 D 3 . In conclusion, the result that serum FGF-23 peaked after serum P indicates that the dynamics in serum FGF-23 levels might be driven by serum P levels during the egg laying cycle.
INTRODUCTION
The phosphorus metabolism and nutrition of laying hens has been widely studied for developing strategies that could be used to enhance egg production and quality, reduce dietary inorganic phosphate supplementation (a nonrenewable resource), and decrease phosphorus excretion (an environmental concern). In the existing laying hens publications, blood phosphorus levels have long been treated as an important criterion in the evaluation of body phosphorus status (Lima et al., 1997; Boorman and Gunaratne, 2001; Celebi et al., 2005; Ren et al., 2016 Ren et al., , 2018 . Generally, in most of these published studies, all the laying hens chose for sample collection were bled at the same time of a day regardless of the oviposition time of each particular hen (Usayran et al., 2001; Celebi et al., 2005; Musapuor et al., 2005; Gyenis et al., 2006; Sun et al., 2018) . As a result of this bleeding style, while blood phosphorus levels work well in some studies (Usayran et al., 2001; Celebi et al., 2005) ; in some other studies, blood phosphorus levels failed to reflect the changes in factors (e.g., dietary inorganic phosphate or phytase supplementation) that could interfere with body phosphorus status (Musapuor et al., 2005; Gyenis et al., 2006; Sun et al., 2018) . In the study of Boorman and Gunaratne (2001) , ISA-Brown laying hens were fed 4 diets containing 0.16, 0.21, 0.31, and 0.39% non-phytate phosphorus (nPP), respectively, for a period of 12 wk. At the end of their study, no difference was observed on blood phosphorus levels when all of the hens were bled at the same time of a day. Interestingly, when they bled the hens according to the oviposition time of each particular hen, the increasing dietary nPP levels increased serum phosphorus levels. According to the above information, it is pretty clear that the dynamics of blood phosphorus should be seriously considered when bleeding hens for phosphorus determination. Understanding the dynamics of blood phosphorus during the egg laying cycle would help us precisely evaluate the phosphorus metabolism and nutrition status of laying hens.
Blood phosphorus status is complicatedly correlated with a number of hormones including but not 2193 limited to parathyroid hormone (PTH), 1,25-dihydroxy-cholecalciferol (1,25(OH) 2 D 3 ), and fibroblast growth factor 23 (FGF-23). It is reported that blood PTH levels could be increased within 1 h after oral phosphorus administration (Takasugi et al., 2014) . Similarly, blood 1,25(OH) 2 D 3 and FGF-23 levels are immediately changed following the changes in blood phosphorus levels (Vervloet et al., 2011) . Since blood phosphorus levels are dynamically changed during the egg laying cycle, it would be reasonable to hypothesize that those phosphorus-calcium hormones are in dynamic changing as well. In retrospect, while the dynamic nature of blood phosphorus and calcium levels is available in the literature (Miller et al., 1977; Sauveur et al., 1983; Frost et al., 1991) , the dynamics in blood hormones (phosphorus-calcium related) have rarely been studied during the egg laying cycle (Singh et al., 1986) . FGF-23 is a newly discovered hormone, firstly reported in 2000 by a Japanese group (White et al., 2000; Yamashita et al., 2000) , which plays key roles in controlling renal phosphate resorption and intestinal phosphate absorption (Bai et al., 2004; Yamazaki et al., 2008; Gattineni et al., 2009; Ren et al., 2017a,b) . Up to date, no information is available in the literature regarding the dynamics of FGF-23 during egg laying cycle in laying hens. In the current study, blood samples were collected from Hy-Line Brown laying hens every 3 h during the egg laying cycle, and the dynamics of phosphorus, calcium, and related hormones were investigated accordingly.
MATERIALS AND METHODS
All animal protocols used in the current study were approved by the College of Animal Science and Technology Animal Care and Use Committee at the Northwest A&F University (Yangling, Shaanxi, China).
Birds
A total of 15 Hy-Line Brown laying hens (35-wkold, Table 1 ) with approximately the same body weight (1,896 ± 30 g), feed consumption, and egg production status (all in egg-laying status) were randomly selected for this egg laying cycle study. The laying hens were raised individually in wire-floored cages (measuring 33 × 45 × 40 cm, width × height × depth) in the poultry research laboratory at the Northwest A&F University. A lighting program of 16-h light (furnished by natural and artificial light from 05:30 am to 09:30 pm each day) and 8-h dark was applied. The laying hens were fed with a commercial corn-soybean meal-based laying hen diet (containing 0.24% nPP, 3.59% calcium, 2,040 IU/kg vitamin D 3 , 2,500 FTU/kg phytase, 2,636 kcal/kg ME, and 15.9% crude protein; Table 2), which was purchased from a feed company located at Yangling, Shaanxi, China. The laying hens had free access to feed and fresh water at all times. 
Blood Collection
Oviposition time of the laying hens was recorded on the morning of April 16, 2018 (referred as the first oviposition in the following text; the first hen laid her egg at 06:15 am, and the last hen laid her egg at 09:30 am; Table 1 ). Blood sample of each hen was collected immediately following the first oviposition (beginning at 06:15 am until all the 15 hens had been bled). All the laying hens were bled again 3, 6, 9, 12, 15, 18, and 21 h after its first oviposition. Then, in the morning of April 17, 2018, oviposition time of each laying hen was recorded again (referred as the second oviposition in the following text; the first egg was laid at 06:02 am, and the last egg was laid at 09:40 am; Table 1 ), and the last bleeding was conducted immediately following the second oviposition (beginning at 06:02 am until all the 15 hens had been bled). The blood samples were allowed to clot (for 2 h) at room temperature. Then, the clotted blood was centrifugated (10 min, 4
• C, 1,200 g) for serum samples (split into 8 tubes and stored at -80
• C for future analysis).
Serum Analysis
A Siemens (Berlin, Germany) Biochemical Analyzer (model number ADVIA2400), which was equipped at the Yangling Demonstration District Hospital (Yangling, Shaanxi, China), was used to determine the levels of calcium, phosphorus, and alkaline phosphatase (ALP) in serum samples. Serum levels of FGF-23 (sandwich method, kit catalog number: ml374610), 1,25(OH) 2 D 3 (sandwich method, kit catalog number ml037014), PTH (sandwich method, kit catalog number ml002803), and calcitonin (CT; sandwich method, kit catalog number ml234117) were analyzed using commercial enzyme-linked immunosorbent assay kits purchased from Mei Lian Biological Technology Company, Ltd. (Shanghai, China) following the manual obtained from the manufacturer. Briefly, (1) the 96-well microtiter plates were pre-coated with purified chicken antibodies specific for FGF-23, 1,25(OH) 2 D 3 , PTH, and CT, respectively; (2) samples or standards were added into the wells; (3) horseradish peroxidase (HRP)-conjugated chicken antibodies (specific for FGF-23, 1,25(OH) 2 D 3 , PTH, and CT, respectively) were then added into the wells to bind to the immobilized FGF-23, 1,25(OH) 2 D 3 , PTH, and CT, respectively; (4) after incubation, the plates were washed to remove all unbound components; (5) then, substrate solutions were added into wells to react with HRP (the wells turned into blue); (6) finally, the HRPsubstrate reaction was terminated by a sulfuric acid solution (the wells turned into yellow) and the optical density value of each well was measured spectrophotometrically (wavelength = 450 nm) with a Synergy HT microplate reader (BioTek Instruments, Inc., VT, USA). Standard curves were plotted relating the optical density values to the concentration of standards. The concentrations of FGF-23, 1,25(OH) 2 D 3 , PTH, and CT in each sample were calculated from the standard curves.
Egg Quality Determination
The eggs collected at the first and second oviposition were subjected to egg quality determination within 24 h after oviposition. Instruments from the Robotmation Co., Ltd. (Tokyo, Japan) were used to determine the eggshell strength (model EFG-0503) and eggshell thickness (model ETG-1061) of each egg.
Statistical Analysis
Differences on serum levels of phosphorus, calcium, and hormones between every 2 bleeding time points were statistically analyzed using a paired Student's ttest (2-tailed) under the SPSS program (version 21.0; IBM Corp., Chicago, IL). The linear and quadratic regressions were conducted using SPSS 21.0 as well (independent variable: bleeding time points; dependent variable: serum parameters). Data are shown as mean ± standard error of the mean (SE). Significance was noted with a P-value of <0.05.
RESULTS AND DISCUSSION
After the first oviposition, serum phosphorus ( Figure 1A ) and calcium ( Figure 1B ) levels of Hy-Line Brown laying hens were gradually increased, peaked in 6 h, and then gradually decreased all the way down until the second oviposition. The same plasma calcium dynamic curve was reported in Mongin and Sauveur (1979) in Warren laying hens. The current results, regarding the serum phosphorus dynamics, are in good consistence with the widely accepted understanding that the serum phosphorus level is dynamically changed in the same manner with serum calcium level during the egg laying cycle (Frost et al., 1991) . According to a previous calculation (Van De Velde et al., 1986) , the eggshell formation process could use up the serum calcium of a laying hen in only 9 to 18 min. So, the laying hens need to mobilize their medullary bone in order to produce qualified eggshell. Since both calcium and phosphorus (at a ratio of around 2:1) are released during bone mobilization, it is not hard to explain why similar dynamic rhythms were observed in serum calcium and phosphorus levels in the current study. What need to be mentioned is, in the study of Frost et al. (1991) , plasma calcium and phosphorus levels of HyLine W36 laying hens (75-wk-old) were gradually increased, peaked in 10 to 14 h (but not 6 h, as observed in the current study), and then gradually decreased all the way down until the next oviposition. In another study (Miller et al., 1977) , serum phosphorus levels of Babcock B-300 laying hens (63-wk-old) were gradually increased after oviposition, peaked in 23 h, and suddenly decreased 1 h before the next oviposition. Van De Velde et al. (1986) reported that plasma phosphorus levels of White Leghorns (Hisex, 7-to 9-mo-old) were linearly decreased from 4 to 22 h after oviposition. As indicated in Frost et al. (1991) , it is possible Figure 1 . Dynamic changes in serum phosphorus (A) and calcium (B) levels during the egg laying cycle in 35-wk-old Hy-Line Brown laying hens. Data are means of 15 observations ± standard error of the mean. * , P < 0.05 (2-tailed paired Student's t-test) when compared to the peak point during the egg laying cycle (6 h after the first oviposition). #, P < 0.05 (2-tailed paired Student's t-test) when compared to the last oviposition event (i.e., at the first sampling time point).
that the differences in serum phosphorus dynamic pattern in different studies might be caused by the differences in dietary calcium and phosphorus levels. Unfortunately, in most of the existing laying hen serum phosphorus dynamic studies, detailed information regarding the laying hens and the experimental diets have rarely been mentioned (like what we listed in Tables 1  and 2 ). In the current study, the birds were fed with a commercial Hy-Line Brown laying hen diet (widely used in northwest China) containing 0.24% nPP, 3.59% calcium, 2,040 IU/kg vitamin D 3 , and 2,500 FTU/kg phytase. Hy-Line itself recommends 0.45% nPP, 4.08% calcium, and 3,300 IU/kg vitamin D 3 for their 35-wkold Brown laying hens when no phytase was applied in the diet. In the field, dietary levels of nPP, calcium, vitamin D 3 , and phytase for the same strain of laying hens are largely different between countries, areas, and companies. Future research should investigate the effects of dietary factors (e.g., nPP, calcium, and vitamin D 3 ) levels on serum phosphorus-calcium dynamic rhythms during the egg laying cycle. In addition, in the current study, serum phosphorus ( Figure 1A ) and calcium ( Figure 1B ) levels at the second oviposition were significantly lower than that at the first oviposition. These results suggest that the dynamics of serum phosphorus and calcium levels cannot be simply defined as an egg laying cycle. In most existing studies, the experiments were designed on a hypothesis that serum phosphorus and calcium will return to the original levels (i.e., the first oviposition) exactly at the second oviposition. This is why we finished our bleeding at the second oviposition in the current study. The next plan would be bleeding the laying hen in continuous egg laying cycles (e.g., 3 cycles) and demonstrating the dynamics of serum phosphorus and calcium accordingly. Otherwise, it is also possible that the frequent bleeding influenced the feed intake of laying hens and caused lower serum phosphorus and calcium levels. If so, technologies (e.g., Figure 2 . Dynamic changes in serum FGF-23 (fibroblast growth factor 23) levels during the egg laying cycle in 35-wk-old Hy-Line Brown laying hens. Data are means of 15 observations ± standard error of the mean. * , P < 0.05 (2-tailed paired Student's t-test) when compared to the peak point during the egg laying cycle (9 h after the first oviposition).
intravenous detaining needle) will need to be developed for reducing stress and improving animal welfare in studies with multiple bleeding time points.
Serum phosphorus is a sensitive regulator of FGF-23 secretion (Ferrari et al., 2005; Perwad et al., 2005; Antoniucci et al., 2006; Vervloet et al., 2011) . On the contrary, FGF-23 plays key roles in serum phosphorus regulation (Bai et al., 2004; Marsell et al., 2008; Yamazaki et al., 2008; Aono et al., 2009) . Studying the dynamics of serum FGF-23 during the egg laying cycle would help us further understand its physiological functions in phosphorus metabolism. In the current study, serum FGF-23 (Figure 2 ) of laying hens was gradually increased after the first oviposition, peaked in 9 h, and then gradually decreased all the way down until the second oviposition. The fact that serum FGF-23 peaked after serum phosphorus (peaked 6 h after oviposition) indicate the dynamics in serum FGF-23 levels might be driven by serum phosphorus levels during the egg laying cycle. While the activities of FGF-23 in bone mineralization have been widely reported (Sitara et al., 2008; Wesselingperry et al., 2009; Kanaan et al., 2010; Martin et al., 2011) , the current results suggest that, at least during the egg laying cycle, FGF-23 is probably not a big player in medullary bone mobilization. Some have mentioned that the laying hens excrete a greater amount of phosphorus on egg laying days than days with no egg (Taylor and Kirkley, 1967) . Martindale (1969) calculated that during the eggshell formation process the renal phosphate resorption rate decreases from 88% to 52%. Prashad and Edwards (1973) found that the urine phosphate levels are increased soon after the egg enters the uterus. These results could explain the peaked serum FGF-23 levels following the serum phosphorus peak. Increased FGF-23 levels can decrease the expressions of type II sodium-phosphate co-transporters (NaPi-IIs) in the kidney, and thereby reducing renal phosphate resorption and increasing urine phosphate excretion (Gattineni et al., 2009 ). Also, FGF-23 could reduce renal expression of 25-hydroxyvitamin D-1-hydroxylase (Cyp40) and increase renal expression of 24-hydroxylase (Cyp24), which resulted in decreased levels of serum 1,25(OH) 2 D 3 (Shimada et al., 2004) , and subsequently block intestinal phosphate absorption by suppressing the expression of intestinal NaPi IIb (Bai et al., 2003; Bai et al., 2004; Sabbagh et al., 2009) . The current results can also explain our previous findings that ani-FGF-23 antibodies could be used to decrease phosphate incretion in laying hens (Ren et al., 2016) . In other words, the FGF-23 antibodies are working in saving phosphate excretion that is induced by the increased serum FGF-23 levels during the eggshell formation process. Frost et al. (1991) reported that the dynamic rhythm of plasma 1,25(OD) 2 D 3 is similar to that of plasma phosphorus and calcium. In the same study, they found the dynamic pattern of plasma 1,25(OD) 2 D 3 is largely affected by dietary phosphorus levels. In the current study, the laying hens were fed with a diet containing 0.24% nPP, 3.59% calcium, 2,040 IU/kg vitamin D 3 , and 2,500 FTU/kg phytase, and serum 1,25(OD) 2 D 3 ( Figure 3A ) was linearly/quadratically decreased during the egg laying cycle we observed. What also need to be further studied is the dynamics of serum PTH during the egg laying cycle. Singh et al. (1986) reported that there was a reciprocal relationship between the plasma PTH and calcium levels during the egg laying cycle in laying hens with a second oviposition. Unexpectedly, here we found the serum PTH ( Figure 3B ) was in erratic fluctuation in our Hy-Line Brown laying hens (all with a second oviposition). Indeed, the current serum PTH dynamic pattern (in hens with a second oviposition) is similar to the plasma PTH dynamic pattern which was observed in laying hens without a second oviposition (Singh et al., 1986) . We also listed the dynamic patterns of serum CT ( Figure 3C ) and ALP ( Figure 3D ), , and ALP (D, alkaline phosphatase) levels during the egg laying cycle. Data are means of 15 observations ± standard error of the mean. * , P < 0.05 (2-tailed paired Student's t-test) when compared to the peak point during the egg laying cycle (B, 9 h after the first oviposition; D, 12 h after the first oviposition). #, P < 0.05 (2-tailed paired Student's t-test) when compared to the last oviposition event (i.e., at the first sampling time point).
but both of them were very different from that of serum phosphorus ( Figure 1A ), calcium ( Figure 1B) , and FGF-23 (Figure 2) . Since dietary nutrient levels may cause significant effects on the dynamic patterns of serum phosphorus, calcium, and hormones, future studies should investigate the egg laying cycle under diets that are commercially used in the egg production field.
In conclusion, in Hy-Line Brown laying hens feeding a commercial diet containing 0.24% nPP, 3.59% calcium, 2,040 IU/kg vitamin D 3 , and 2,500 FTU/kg phytase, serum phosphorus, calcium, and FGF-23 levels were gradually increased after the first oviposition, peaked in 6, 6, and 9 h, respectively, and then gradually decreased all the way down until the second oviposition. This is the first to report serum FGF-23 dynamic in laying hens during the egg laying cycle. Understanding serum dynamic patterns of FGF-23 may help to develop novel feeding strategies for laying hens that would reduce dietary inorganic phosphate input and decrease phosphorus excretion. 
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